Results from this study provide an atomic-based insight into a promising thermal recycling route of e-waste.
Introduction
Co-pyrolysis of metal oxides with halogen-bearing materials attracts technological interests on two compelling grounds: (i) recycling of bromine and chlorine-containing objects and (ii)
pyro-metallurgical extraction of metals from their oxides. Thermal treatment of the ever increasing electronic and electric waste (e-waste) constitutes a real-world case where the recycling of bromine and extraction of metals overlap. 1 The non-metallic fraction in e-waste bears a significant load of halogenated hydrocarbons, mainly in the form of brominated flame retardants (BFRs). [1] [2] [3] [4] [5] On the other hand, exposing the metallic constituents in e-waste to oxygen at elevated temperature transforms them readily into metal oxides. 3 The interest in studying the co-pyrolysis of BFRs with metal oxides stems from their ability to act as bromine fixation agents, 6 the process that ultimately leads to reductive debromination of BFRs. Of particular industrial as well as health importance are ferric oxides that make up most of the ferric fraction in electric arc furnace dust (EAFD). It is estimated that, 4.3 -5.7 million tonnes of EAFD arise annually worldwide during crude steel production. 7 Thermal degradation of BFRs in the presence of metal oxides achieves a dual-benefit, reducing the overall toxicity of the decomposition products of BFRs and forming metal bromides that could be easily leached out.
The potential for the conversion of BFRs into hazardous brominated compounds (most notably the notorious polybrominated dibenzo-p-dioxins and furans, PBDD/Fs) often overshadows the environmental and economic benefits of thermal recycling of e-waste. 8, 9 The co-existence of aromatic brominated precursors with metal oxides typically act as a perfect recipe for the catalytic synthesis of PBDD/Fs through prominent intermediate steps. 10 While HCl represents an inactive chlorinating agent for generation of PCDD/Fs, 11 conversion 4 of HBr into Br 2 opens up a powerful bromination corridor. 12 The consensus of opinions in the literature 6, 13, 14 unequivocally illustrates that introducing hematite (α-Fe 2 O 3 ) during thermal decomposition of tetrabromobisphenol A (TBBA), the most widely deployed BFR, 15 significantly reduces the emission of HBr: 16 When TBBA is co-pyrolysied with hematite, emitted HBr converts hematite into iron bromides and iron oxybromides. 13 This is evident from results of TGA-DSC runs which show that, the weight reduction in the TBBA-Fe 2 O 3 system at temperature above the main weight reduction stage, corresponds to evaporation of iron bromides. 
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As illustrated in Figure 3 , subsequent HBr addition to the M2 structure forms the M3 physisorbed adduct that undergoes further rearrangements leading to M4 and M5, in two separate channels. The M4 structure forms via TS2 upon dissociative decomposition of the Figure 4 provides the Arrhenius plots for these reactions between 300 and 1000 K. Kinetic parameters in Table   2 indicate that, the dissociative adsorption of HBr proceeds very fast in agreement with the reported fast conversion rate of the bromine content in TBBA into iron bromide. 13 For instance, at the onset temperature for the decomposition of TBBA (i.e., 550 K), a rate constant of 7.0 × 10 6 s -1 accounts for the uptake of HBr by Fe 2 O 3 . Two reactions compete for the fate of the M4 structure, the reverse formation of HBr (M4 → M3) and the intramolecular H transfer (M4 → M6). Figure 5 plots the branching ratios for these channels. The reverse Figures 2 and 3 and rate coefficients in Table 3 show that, Fe 2 O 3 reacts with HBr at temperature as low as the evaporative decomposition temperature of BFRs (i.e., 500 -600 K); 15 i.e., when HBr starts to form.
Decomposition of brominated alkanes and alkenes
In addition to HBr, thermal decomposition of TBBA produces a wide range of brominated compounds ranging from small alkanes and alkenes to polyaromatic hydrocarbons.
35-37
Herein, we investigate interaction of four bromine-bearing compounds with the Dehydrohalogenation of alkyl halogens is a common method for the industrial production of olefins. This process is often mediated by strong acid sites on metals or metal oxides, most notably alumina 39 and Pt-based catalysts. 40 The β-hydride elimination step constitutes the rate determining step in which the acid Lewis site activates not only the C-halogen bond but also C-H bonds. 41 In this section, we report thermo-kinetic parameters for Fe 2 O 3 mediated dehydrohalogenation of selected alkanes and alkenes. This scenario may operate in conversion of bromine-containing hydrocarbons during thermal recycling of the non-metallic fraction in e-waste into useful products. Figure 7 ) and 53.1 kcal/mol (TS1 in Figure 9 ). In a recent study, 42 we obtained a sizable barrier of 53.1 kcal/mol for the HBr elimination from bromoethene in the gas phase in a reaction that is endothermic by 16. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 evident when comparing the barriers of TS6A (13.6 kcal/mol) with the analogous barrier in a gas-phase process.
Based on energies reported in Figures 6-9 , the dissociative addition channel either requires a very low barrier (bromoethene and 1-bromopropene) or procceds without encountering a barrier (bromoethane and 2-bromopropane). Products from the dissociative addition channel are significantly lower in energy than their parent reactants. As shown in Figures 6-9 , elimination of the β-H atom and the subsequent migration of the H atom to the O site afford the same products as for the direct elimination step; i.e., corresponding alkenes and alkynes.
The activation barriers for the β-H elimination step significantly increase from only 20.0 kcal/mol (TS7B) in case of the adsorbed i-propyl radical (M16 in Figure 8 ) to 89.8 kcal/mol (TS11B) in case of the adsorbed 1-propynyl radical (M22 in Figure 9 ) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 dissociative adsorption channel corresponds to the β-H elimination step. An exception is the 2-bromopropane, in which the overall barrier for the dissociative adsorption channel resides 33.3 kcal/mol below the separated reactants (TS7B in Figure 8 ). Table 3 Based on the kinetic parameters in Table 3 , the direct elimination channel represents the sole corridor for the formation of ethene from dehydrohalogentation of bromoethane over Fe 2 O 3 .
On the contrary, the dissociative addition channel predominates the direct elimination mechanism in 2-bromopropane and 1-bromo-1-propene. The two operating routes assume competing importance in formation of acetylene from vinyl bromide. As iron can switch oxidation states, it will be insightful to assess the kinetic feasibility of iron oxides to act as catalysts in hydrogenation reactions of olefins, i.e., similarly to the well-established functionality of transitional metal oxides 43 and rare earth metal oxides. 44 
Decomposition of brominated benzene and phenol
Brominated aromatic rings constitute major structural blocks in nearly all BFRs, including the emerging BFRs or the so-called novel brominated flame reactants (NBFRs). 45 Thus, it is of importance to investigate interaction of bromobenzene with Fe 2 O 3 . In this regard, iron oxide nanoparticles were shown to facilitate effectively the sequential debromination reactions of brominated diphenyl ethers (PBDEs). 46 In Figure 10a , we illustrate that, the reaction of bromobenzene with Fe 2 O 3 proceeds solely via the dissociative adsorption channel through activation energy of 11.3 kcal/mol (TS5). The adsorbed phenyl in the M9 structure forms bridges with two adjacent iron atoms. The very low barrier for the decomposition of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 . 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 1a Page 21 of 33
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